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136 The Journal of Thoracic and Cardbjective: The internal thoracic artery remodels its diameter in response to flow
equirements. The purpose of this study was to elucidate the remodeling of the radial
rtery as a composite straight graft with the internal thoracic artery.
ethods: We studied 39 patients who underwent coronary artery bypass grafting.
ineteen patients received composite straight radial and internal thoracic artery
rafts, and 20 received saphenous vein grafts as aortocoronary conduits. All the
rafts were sequentially anastomosed to native coronary arteries. We measured the
iameters of the internal thoracic and radial arteries before surgical intervention and
weeks and 1 year after surgical intervention and the differences in diameter of the
adial artery and saphenous vein grafts before the first and second anastomoses with
ative coronary arteries.
esults: The radial arteries were significantly larger in diameter than those of the
nternal thoracic arteries before surgical intervention (3.54  0.46 vs 2.31  0.40
m, P  .0001), but there was no significant difference 3 weeks after surgical
ntervention (2.19 0.49 vs 2.15 0.45 mm). The mean diameters of the radial and
nternal thoracic arteries remained almost the same 1 year after surgical intervention
2.22  0.49 and 2.32  0.79 mm). The diameters of the radial artery grafts were
ignificantly reduced after the first anastomosis (P  .01), but those of the saphe-
ous vein grafts were unchanged.
onclusion: These results suggest that a composite straight radial and internal
horacic artery graft without a change in shear stress behaves like an extended
rterial graft, with remodeling and vasoreactive capacity.
he potential advantages of arterial conduits compared with those of saphe-
nous vein grafts (SVGs) in coronary artery bypass grafting (CABG) have
resulted in their increasing use, with the aim of achieving complete myo-
ardial revascularization. The gold standard for arterial conduits is considered to be
he internal thoracic artery (ITA), followed by the radial artery (RA). The RA was
ntroduced as an alternative graft for myocardial revascularization in the early
970s.1 However, its use was abandoned because of its poor patency. Twenty
ater, Acar and colleagues2 reported that the RA was an excellent conduit w
anaged pharmacologically. Good patency of RA grafts was reported,3 and, since
hen, the RA has been used extensively as an aortocoronary conduit or as a
omposite graft with a pedicled ITA.4,5 It has been possible to achieve multi
evascularization by combining the RA with 1 or both ITAs as composite g6,7
e began to use the RA as a conduit for myocardial revascularization in 1998 and
tarted to use it as a composite straight graft with a pedicled ITA in 2000. Although
ostoperative changes of the ITA and RA have been well analyzed previou8,9
hange in the diameter of the RA anastomosed to the ITA as a composite straight
iovascular Surgery ● November 2007
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A
CDraft has not been reported. In this article the remodeling
nd vasoreactive capacity of the RA used as a composite
traight graft with the ITA is reviewed.
The two main objectives of this study were (1) to eluci-
ate the remodeling capacity of the RA anastomosed to the
TA as a composite straight graft and (2) to compare the
asoreactive capacity of the RA with that of the SVG.
aterials and Methods
atient Population
etween June 2000 and June 2002, 116 patients underwent CABG
t our institution. All patients signed informed consent forms
efore the operation. In 19 patients RAs were used as composite
traight grafts with ITAs and sequentially anastomosed. We chose
0 patients in whom SVGs were used as aortocoronary conduits
nd sequentially anastomosed from those who had CABGs in the
ame period. The 19 with composite straight grafts and the 20 with
equential SVGs were all patients with sequential grafts. Other
atients had stenoses of diagonal or obtuse marginal arteries that
ere singly grafted by free RAs or SVGs with proximal anasto-
oses on the aorta and were excluded from our cohorts. The
reoperative characteristics of the patients are shown in Tab
ignificantly younger patients had composite straight grafts be-
ause such patients should be treated with arterial grafts that have
ood long-term patency. The proportion of diabetes was signifi-
antly higher in the SVG group than that in the composite graft
roup. All patients had coronary angiography 3 weeks after sur-
ical intervention to evaluate the patency of the grafts. Only 10
atients with composite straight grafts had follow-up angiography
year after surgical intervention. Other patients declined a second
ngiogram because they had no symptoms. All patients with com-
osite straight grafts were given intravenous calcium-channel
lockers during the operation, followed by long-term oral admin-
stration for at least 6 months. For this, 0.5 g · kg1 · min1
iltiazem was continuously injected into all patients with compos-
te grafts during the operation and continued until they could take
00 mg/d oral diltiazem. Medication was continued for at least 6
onths as long as the patients did not have side effects, such as
radycardia and hypotension.
urgical Technique
he RA was harvested from its origin to the wrist crease by a
ingle surgeon using the extrafascial technique. Papaverine diluted
Abbreviations and Acronyms
CABG coronary artery bypass grafting
ITA  internal thoracic artery
NO  nitric oxide
RA  radial artery
RAD  diameter of the radial artery
RITA  right internal thoracic artery
SVG  saphenous vein graft
SVGD diameter of the saphenous vein graftith saline was sometimes sprayed on the artery during harvesting e
The Journal of Thoracico avoid spasm. After harvesting, RAs were flushed out with
eparin and then soaked in papaverine until use. All the RAs were
arvested as pedicled grafts and anastomosed to pedicled right
nternal thoracic arteries (RITAs) as composite straight grafts. For
1 patients with stenoses of posterodescending and posterolateral
rteries, the composite straight grafts were directed along the right
ide (Figure 1, A) . For the other 8 patients with obtuse margina
osterolateral arteries or with stenoses of diagonal and obtuse mar-
inal or posterolateral arteries, composite straight grafts were directed
ver the aorta (Figure 1, B and C). In the case of sequential ana
osed SVGs, the operative procedures are shown in Figure D
hrough G. The distal sites of anastomosis are shown in Table 
atients except one with the SVG sequentially anastomosed to the left
nterior descending and obtuse marginal artery had left ITA to left
nterior descending artery grafts. All CABGs were performed during
ardioplegic arrest with cardiopulmonary bypass.
easurement of ITAs, RAs, and SVGs
he diameters of the preoperative and postoperative ITAs were
easured on an angiogram about 10 mm proximal to the distal end
nd 10 mm proximal to the anastomotic site with the RA (
, A). We did not use ITAs diffusely narrowed by arterioscle
r ITAs with a diameter of less than 1.8 mm on preoperative
ngiography. The diameters of the preoperative RAs were mea-
ured 15 mm distal to the proximal end by means of duplex
canning (SONOS 5500, Hewlett–Packard) with a 7-MHz linear
ransducer, and those of the postoperative RAs were measured 10
m distal to the anastomotic site with the RITA (Figure 2, A). We
id not use RAs with a diameter of less than 2.5 mm on preoper-
tive examination.
The diameters of the RAs and SVGs were measured about 10
m proximal to the first (RAD1 and SVGD1) and second (RAD2
nd SVGD2) anastomotic sites of the sequential bypass grafts to
ompare the vasoreactive capacity of RAs with that of SVGs
Figure 2). These angiographic diameters were calculated as 
ABLE 1. Preoperative clinical characteristics of patients
Composite
straight grafts SVGs P value
ale/female sex 18/1 17/3 .61
ean age (y) 62.0 6.7 68.9  5.9 .0019
reoperative findings
Coronary artery disease
Single-vessel disease 0 0 —
Double-vessel disease 5 8 .50
Triple-vessel disease 14 12 .50
Risk factors
Diabetes 3 11 .02
Smoking 12 14 .74
Hyperlipidemia 1 3 .61
Hypertension 8 10 .75
Unstable angina 4 3 .69
Previous AMI 10 13 .52
VGs, Saphenous vein grafts; AMI, acute myocardial infarction.rences to catheter sizes (Centricity CA1000, GE Healthcare).
and Cardiovascular Surgery ● Volume 134, Number 5 1137
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A
CDtatistical Analysis
ll data were expressed as means  standard deviation. To assess
ignificance within the group or between 2 groups, a paired or
npaired Student t test was used to verify the changes by using
tatView 5.0 software (Abacus Concept).
esults
ineteen patients with composite straight grafts and 20
atients with SVGs were studied 3 weeks after surgical
ntervention with angiography. There was no in-hospital
ortality or perioperative myocardial infarction. All the
rafts were patent on angiography. Ten of those who had
omposite straight grafts underwent follow-up angiography
year after surgical intervention. One RA that was sequen-ially anastomosed to the posterior descending and postero- d
138 The Journal of Thoracic and Cardiovascular Surgery ● Novateral branches of the right coronary artery with a stenosis
f 75% showed diffuse narrowing.
hanges in Diameters of RAs and ITAs
he mean diameter of the RAs was much greater than that
f the RITAs before surgical intervention (3.54  0.46 vs
.31  0.40 mm, P  .0001; Figure 3, B). The mean
iameters of the RAs and ITAs 3 weeks after surgical
ntervention were 2.19  0.49 and 2.15  0.45 mm, re-
pectively (Figure 3, B). Differences in the preoperati
ean diameters of the RAs and ITAs disappeared 3 weeks
fter surgical intervention (Figure 3, A and B). Furthermore,
he RAs and ITAs both tended to have slightly increased
Figure 1. Operative procedure. All pa-
tients except one (G) with saphenous
vein grafts (SVGs) sequentially anasto-
mosed to the left anterior descending
and obtuse marginal artery had left in-
ternal thoracic artery to left anterior
descending artery grafts. A, Composite
straight grafts are directed along the
right side in patients with stenoses of
posterodescending and posterolateral
arteries (n  11). B and C, Composite
straight grafts are directed over the
aorta in patients with stenoses of the
posterolateral and obtuse marginal ar-
teries or with diagonal and posterolat-
eral or obtuse marginal arteries (n 
8). D, Sequential anastomosed SVGs in
patients with stenoses of the diagonal
and posterolateral arteries (n  4). E,
Sequential anastomosed SVGs in pa-
tients with stenoses of the obtuse mar-
ginal and posterolateral arteries and
with stenoses of the 2 posterolateral
arteries (n  3 and 1). F, Sequential
anastomosed SVGs in patients with
stenoses of the posterodescending and
posterolateral arteries (n  11). G, Se-
quential anastomosed SVGs in patients
with stenoses of the left anterior de-
scending and obtuse marginal arteries
(n  1).iameters 1 year after surgical intervention, although this
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A
CDas not significant (2.22  0.49 and 2.32  0.77 mm,
espectively; Figure 3, B).
hange in Ratio of ITA to RA Diameter
he ratio of ITA to RA diameter was significantly increased
weeks after surgical intervention (from 0.67  0.10 to
.99  0.17, P  .0001; Figure 3, C). The ratio 1 year af
urgical intervention was unchanged from that seen 3 weeks
fter surgical intervention (1.0  0.19).
hanges in Diameters of Sequentially Anastomosed
As and SVGs
he mean RAD1 was significantly greater than the mean
AD2 3 weeks after surgical intervention (2.11  0.43 vs
.67  0.43 mm, P  .01; Figure 4, A). The ratio of RAD2
o RAD1 was 0.81  0.12. One year after surgical inter-
ention, the mean RAD1 was still significantly greater than
he mean RAD2 (2.34 0.45 vs 1.69 0.57 mm, P .05),
nd they were the same as those 3 weeks after surgical
ntervention (Figure 4, B). The mean SVGD1 was not sig-
ificantly different from the mean SVGD2 3 weeks after
urgical intervention (2.92  0.61 vs 2.91  0.68 mm;
igures 3, A, and 4, C).
iscussion
ince the RA was reported to have good patency as an
rterial conduit for CABG,2 it has been widely used as
omposite graft with the ITA. Although the RA has been
nalyzed in detail before,3-6 its remodeling capacity an
asoreactivity when used as a composite straight graft with
he ITA have not been reported. Here we elucidated the
emodeling capacity of the RA used as a composite straight
raft and its vasoreactive capacity when sequentially anas-
omosed, with measurements taken 3 weeks and 1 year after
ABLE 2. Operative details
ariable
Composite straight
grafts (n  19)
SVGs
(n  20)
P
value
otal no. of anastomoses 63 73
Anastomoses per patient 3.3 0.7 3.7  0.7 .15
Sequential grafting 100% 100%
o. of RA or SVG
anastomoses
38 40
Target location
LAD 0 1 .33
Dx 3 4 .74
OM 4 4 .94
PL 19 20 —
PD 12 11 .69
VGs, Saphenous vein grafts; RA, radial artery; LAD, left anterior descend-
ng artery; Dx, diagonal artery; OM, obtuse marginal artery; PD, postero-
escending artery; PL, posterolateral artery.urgical intervention. O
The Journal of ThoracicFirst, we showed that the diameter of the RA used as a
omposite straight graft reduced to close to the diameter of
he ITA at 3 weeks after surgical intervention and then
radually increased with time, together with the diameter
f the ITA (Figure 3). These findings are very impo
ith regard to preventing stenosis and obstruction at the
nastomosis.
Flowing blood creates 2 principal vectors in a vess10
igure 2. Sites of preoperative and postoperative measurements
f each graft. A, Sites of postoperative angiographic measure-
ents of the radial artery and internal thoracic artery. The diam-
ters of the internal thoracic artery and radial artery were mea-
ured 10 mm proximal and 10 mm distal to the anastomosis,
espectively. RAD1 and RAD2 values were measured 10 mm prox-
mal to the anastomoses with native coronary arteries. ITAD,
iameter of the internal thoracic artery; RAD, diameter of the
adial artery; RAD1, diameter of the radial artery before the first
nastomosis; RAD2, diameter of the radial artery before the sec-
nd anastomosis. B, Sites of postoperative angiographic mea-
urements of the saphenous vein grafts sequentially anasto-
osed. SVGD1 and SVGD2 values were measured 10 mm proximal
o the anastomoses with native coronary arteries. SVGD1, Diam-
ter of the saphenous vein graft before the first anastomosis;
VGD2 , diameter of the saphenous vein graft before the second
nastomosis.ne is perpendicular to the wall and is determined by the
and Cardiovascular Surgery ● Volume 134, Number 5 1139
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A
CDlood pressure. The other is parallel to the wall and
reates a frictional force, shear stress, at the endothelial
urface. Shear stress is related to the flow velocity and is
nfluenced by curvatures in the vessel wall, bifurcations
nd branches, where flow velocity decreases and a recir-
ulation zone forms. Shear stress values in the recircu-
ation zone are around 1 order of magnitude less than in
he entrance zone.11 Low shear stress induces the attac-
ent of endothelial cells and leukocytes, resulting in
hrombus, intimal hyperplasia, and stenosis or occlusion.
f the postoperative diameter of the RA did not reduce to I
140 The Journal of Thoracic and Cardiovascular Surgery ● Novatch that of the ITA, a recirculation zone would occur
t the anastomosis, and shear stress would reduce as a
esult of the decrease in flow velocity, which would result
n graft stenosis or occlusion.
Second, we showed that the RA decreased in diameter
etween the first and second anastomoses (Figure 4A
nd B ), but the SVG did not alter its diameter (Figu
). If these results could be referred to the original
iameters of the distal and proximal sites of RAs, the
ean diameters of the RAs at the anastomotic site with the
Figure 3. A, Angiogram of composite
straight grafts and saphenous vein
grafts (SVGs) 3 weeks after surgical
intervention. Left, The difference in di-
ameters between the radial arteries
and right internal thoracic arteries be-
fore surgical intervention had disap-
peared 3 weeks after surgical interven-
tion. Right, Sequentially anastomosed
saphenous vein graft 3 weeks after sur-
gical intervention. The arrow indicates
the anastomosis of the radial artery to
the right internal thoracic artery. RITA,
Right internal thoracic artery; RA, ra-
dial artery; PD, posterior descending
branch; PL, posterolateral branch; SVG,
saphenous vein graft. B, Change in the
diameters of the grafts with time. The
preoperative diameters of the radial ar-
teries were significantly different from
those of the right internal thoracic arter-
ies. The diameters of the radial arteries
and internal thoracic arteries were al-
most the same 3 weeks and 1 year after
surgical intervention. The specific com-
parisons also indicate significance. RA,
Radial artery; RITA, right internal tho-
racic artery. ***Radial artery vs right in-
ternal thoracic artery: P < .0001. C,
Change in the ratio of the internal tho-
racic artery to the radial artery diameter
with time. The ratio of internal thoracic
artery to radial artery diameter increased
to almost 1 at 3 weeks and 1 year after
surgical intervention. ITA, Internal tho-
racic artery; RA, radial artery. ***P <
.001 compared with the preoperative
ratio.TAs and the RAs before the first anastomoses with native
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A
CDoronary arteries would become different. However, in our
tudy mean RAD and RAD1 values were almost the same
2.19 0.49 and 2.11 0.43 mm, respectively). Therefore,
e believe that these results were due to the vasoreactive
apacity of the RA. This indicates that the RA adjusts its
aliber to suit the flow requirement placed on it, which
ventually normalizes shear stress at the endothelial inter-
ace and allows the conduit to deliver an appropriate flow to
he subserved vascular bed. The endothelium plays a crucial
ole in responding to the change in shear stress. Increasing
ow by means of pacing results in increased diameter, and
educing flow by means of branch ligation results in reduced
iameter.12,13 The in situ RA used as an arterioven
stula has a 6-fold increase in blood flow, a 1.4-fold in-
rease in internal diameter, and a constant shear stre14
It is apparent that the RA can adjust its diameter to the
ow requirement anastomosed to it and maintain a constant
hear stress. The responses are dependent on endothelium,
nd removal of the endothelium prevents these alteration15
low-sensitive endothelial potassium-channel activity
as been linked to release of an endogenous nitric oxide
NO) in arterial rings.16 This initiates vasodilation and r-
odeling if the flow increase persists. Endothelial release of
O is the principal mediator of shear stress–induced vaso-
egulation. Endothelial NO production and vasoreactivity
re greater in the RA than they are in the SVG.17 The RA i
eported to maintain its endothelial function and remodeling
apacity 5 years after implantation when anastomosed to the
orta.18
This study has the following limitations. First, each
ohort had a small population. Therefore, both cohorts
ad significant differences in their proportions of diabe-
es. Second, long-term function of the RA as a composite
raft has not been evaluated. Therefore, we need ongoing
bservation of the RA anastomosed to the ITA as a
omposite straight graft. Third, we only elucidated the
natomic change in the RA used as a composite graft
efore and after surgical intervention. We should also
xamine physiologic and pharmacologic changes in the
A used as a composite graft. For example, physiologic
hanges could be confirmed by introducing a vasocon-
trictor or vasodilator through a catheter.
In conclusion, the RA is an excellent arterial graft for
ABG, not only as an aortocoronary conduit but also as
composite graft with the ITA. These results suggest that
he ITA-RA composite straight graft without a change in
hear stress behaves like an extended arterial graft, with
emodeling and vasoreactive capacity.
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